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ABSTRACT
A whole-genome scan was conducted to search for
quantitative trait loci (QTL) affecting health traits in
Finnish Ayrshire dairy cattle. The mapping population
consisted of 12 bulls and their 491 sons in a grand-
daughter design. A total of 150 markers were typed
covering all 29 autosomes. The traits under study were
somatic cell score, mastitis, and a group of other veteri-
nary treatments. Effects of the QTL and positions were
estimated with the regression method. When carrying
out interval mapping on each chromosome, cofactors
were used to adjust for QTL identiﬁed at other chromo-
somes. Empirical P-values were obtained by permuta-
tion. Altogether 17QTLwere detectedwith genomewise
signiﬁcant P-values in the across family analysis.
Quantitative trait loci affecting SCS were identiﬁed on
chromosomes 1, 3, 11, 18, 21, 24, 27, 29, and QTL for
mastitis on chromosomes 14, 18. Quantitative trait loci
for other veterinary treatments were found on chromo-
somes 1, 2, 5, 8, 15, 22, and 23. The allele substitution
effects were from 0.5 to 1.7 genetic standard deviations.
The positions of these health QTL did not overlap with
milkQTLdetected in previous studies of the same popu-
lation.
(Key words: QTL, health, mastitis, dairy cow)
Abbreviation key: MAS = marker-assisted selection.
INTRODUCTION
Good health is essential for high production, longev-
ity, and welfare of dairy cows. Diseases like mastitis
and ketosis cause major costs to dairy farms. Economic
losses are mainly due to reduced milk production and
lowered milk quality but also to cost of veterinary treat-
ments and of involuntary culling of cows. Impairedmilk
quality causes losses to the dairy industry.
Many countries have included maintenance and/or
improvement of health in the breeding goal. Most com-
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mon is the use of SCC as an indicator trait for improving
mastitis resistance. In the Nordic countries, veterinary
records are available for a majority of cows. In Finland,
health disorders diagnosed by veterinarians have been
recorded since 1982.
Health traits are often difﬁcult and expensive to mea-
sure. They have low heritability and are usually geneti-
cally antagonistic to production traits. The genetic cor-
relations reported between mastitis and milk produc-
tion or somatic cell score and milk production are
moderate and positive (Emanuelson, 1988). Further,
many of the health traits likemastitis, can be measured
only in mature females. Genetic improvement of such
traits would beneﬁt from the use of marker information
in selection decisions. (Lande and Thompson, 1990; Ru-
ane and Colleau, 1996).
Several QTL mapping projects undertaken in recent
years have mainly concerned production traits (Spel-
man et al., 1996; Arranz et al., 1998; Viitala et al., 2003).
Putative QTL for health traits have been analyzed only
in few studies. In most of the studies, health traits are
limited to somatic cell score because information has
been available only for this trait (Ashwell et al., 1997;
Zhang et al., 1998; Schrooten et al., 2000). The only
study on QTL affecting mastitis has been carried out
in Norway (Klungland et al., 2001).
In an earlier study, Finnish Ayrshire cattlewere used
in awhole-genome scan to detectmilk traitQTL (Viitala
et al., 2003). The objective of the present study was to
detect QTL areas associated with health traits in the
same Ayrshire families.
MATERIALS AND METHODS
Population and Traits
For the study, 12 sires and 491 of their sons were
used in a granddaughter design. The number of sons
per sire ranged from 21 to 82, with an average of 41
sons per sire. All sons were AI bulls of Finnish Ayrshire
breed with an average of 497 daughter records per bull
for SCS and 466 daughter records for mastitis treat-
ments. Finnish AI stations provided semen samples.
The phenotypic data used were breeding values ob-
tained from the Finnish Animal Breeding Association
from the fall 2000 evaluation.
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The analyzed traits were: SCS based on daughters’
SCC transformed to a logarithmic scale; mastitis based
on treatments for mastitis within 7 d before and 150 d
after calving or on culling due to udder health problems;
veterinary treatments that include all other veterinary
treatments except those for mastitis and for fertility
within 150 d of calving. The most frequent health disor-
ders included in veterinary treatments were milk fever,
ketosis, and retained placenta. The heritability esti-
mates used in the national bull evaluation are: 0.15 for
SCS, 0.05 for mastitis, and 0.03 for other veterinary
treatments.
Breeding values were estimated using a repeatability
model. Records from the ﬁrst 3 lactations were used.
This is justiﬁed because genetic correlations between
different lactations have been shown to be moderate
to high (Po¨so¨ and Ma¨ntysaari, 1996). All bulls in the
mapping population had daughters in all 3 lactations.
A repeatability animal model was used for SCS and a
repeatability sire model for mastitis and other veteri-
nary treatments. Breeding values were based on lacta-
tion averages.Mastitis and other veterinary treatments
were recorded as binary traits scored as 0 or 1.
Markers and Genotypes
The bulls were genotyped for 148 microsatellite
markers and 2 candidate genes affecting lactation. All
together the markers covered all 29 autosomes of the
bovine genome. Number of markers per chromosome
varied from 2 to 14. The average spacing betweenmark-
ers was 20 cM. Linkage maps were constructed using
ANIMAP (Georges et al., 1995). The total length of the
analyzed genome was 2764 cM. Polymorphic informa-
tion content was calculated for each marker. The link-
age map and polymorphic information content values
are available at http://www.mtt.ﬁ/julkaisut/cattleqtl.
The method of DNA extraction, PCR reaction proto-
cols and electrophoresis have been described in previ-
ous studies (Vilkki et al., 1997; Elo et al., 1999).
Statistical Analysis
Quantitative trait loci were detected using a multiple
marker regression approach (Knott et al., 1996; Vilkki
et al., 1997). The test statistic was computed as an F-
ratio. The analysis was done both across and within
families. Association between markers and trait was
ﬁrst analyzed individually for each chromosome. To in-
crease power of the interval mapping on each chromo-
some, QTL identiﬁed on other chromosomes were ac-
counted for by ﬁtting their transmission probabilities
at the found positions as cofactors in the analysis (de
Koning et al., 2001). Possible QTL from the initial anal-
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ysis of the individual chromosomes were chosen as co-
factors if they exceeded the chromosomewise 10% sig-
niﬁcance threshold. This low threshold was chosen to
avoid missing QTL areas. The same regions were then
assessed with genomewise threshold for their signiﬁ-
cance as QTL. The QTL effects on all the chromosomes
were reestimated jointly at the identiﬁed positions.
Then each chromosome was reanalyzed using the phe-
notypes, which had been adjusted for the QTL effects
on the rest of the genome. The steps were repeated
until no new QTL were revealed. If an initially chosen
QTL failed to reach the 10% chromosomewise signiﬁ-
cance threshold, later in the analysis it was dropped
from subsequent repeats.
Signiﬁcance thresholds and P-values for the test sta-
tistic were obtained by permutation (Churchill and
Doerge, 1994). The permutation was repeated 10,000
times for each chromosome and trait separately. A Bon-
ferroni correction was applied on these chromo-
somewiseP-values in order to get genomewiseP-values.
The formula was: Pgenome = 1 − (1- Pchromosome)29, where
29 is the number of autosomes.
A 2-QTL model was ﬁtted for those chromosomes that
had more than 3 informative markers if one signiﬁcant
QTL had been detected and if the estimated QTL posi-
tions in the individual families indicated 2 different
positions (Spelman et al., 1996; Velmala et al., 1999).
With the 2-QTL model, the permutations were done to
test 2 QTL vs. no QTL. If this result exceeded the nomi-
nal signiﬁcance threshold of 5%, the P-value for 2-QTL
vs. 1-QTL was obtained from a standard F table. The
degrees of freedom for the F statistic were the number of
grandsires as numerator and total number of offspring
minus 3 times the number of grandsires as denom-
inator.
RESULTS
Somatic Cell Score
In the ﬁrst stage where chromosomes were analyzed
separately, QTL for SCS were located on chromosomes
3, 11, 14, 18, 27, and 29 at 5% chromosomewise signiﬁ-
cance (Table 1). When putative QTL were added as
cofactors to increase the statistical power, 10QTLat 1%
chromosomewise signiﬁcance were detected. Of these, 8
QTL reached 1% genomewise signiﬁcance (Table 1).
The total additive genetic variance explained by the 10
cofactors was 45%. The 2-QTL model was not ﬁtted for
SCS because there was no indication of 2 separate QTL
positions on the same chromosome.
In the QTL analysis within families using cofactors,
the most signiﬁcant QTL (P chromosomewise between
0.01 and 0.0001) were detected on chromosomes 1, 3,
and 29. Conﬁdence intervals for the observed QTL posi-
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Table 1. The locations and signiﬁcance levels of somatic cell score QTL found with a granddaughter design
in Finnish Ayrshire cattle.
Single chromosome analysis Cofactor analysis
BTA1 F2 pos3 P4 P adj.5 F pos P P adj.
3 2.74 105 0.01 0.15 5.57 109 <0.01 <0.01
11 2.29 63 0.03 0.59 3.69 65 <0.01 <0.01
14 2.40 63 0.01 0.33 2.96 80 <0.01 0.11
18 2.36 113 0.02 0.44 3.66 111 <0.01 0.01
27 2.16 3 0.02 0.37 3.88 1 <0.01 <0.01
29 2.43 14 0.01 0.26 6.05 16 <0.01 <0.01
1 3.67 59 <0.01 0.01
21 4.17 51 <0.01 <0.01
23 2.56 7 0.01 0.25
24 3.38 28 <0.01 0.01
1Bos taurus chromosome.
2F-value.
3QTL position cM.
4P-value at chromosomewise signiﬁcance level.
5P-value at genomewise signiﬁcance level.
tions were not computed in this study, but based on
previous studies of the same population they would be
large. The QTL positions mentioned in this text refer
to the position of the highest F-value on the chromo-
some. For chromosome 1, 2 families had signiﬁcant F-
values. The QTL positions for both of these families
were close to marker TGLA57. For chromosome 3, 2
families had their QTL position close to marker
HUJ1177. The same allele at this marker seems to be
associated with unfavorable SCS values in both fami-
lies. This association has not been tested at the popula-
tion level. For chromosome 29, 2 families had a signiﬁ-
cant QTL close to marker ILSTS057. In a third family
the QTL position was closer to marker BMC8012. The
number of families per chromosome with chromo-
somewise signiﬁcant QTL ranged from 2 to 4. In most
cases the QTL positions of the individual families were
close to the same markers. The allele substitution ef-
fects ranged from 0.5 to 1.7 standard deviations of EBV.
Mastitis
In the initial analysis without cofactors a QTL for
mastitis was detected on chromosome 18 at chromo-
somewise 5% signiﬁcance. When cofactors were added,
5 QTL were detected at 5% chromosomewise signiﬁ-
cance. The QTL on chromosomes 14 and 18 reached
genomewise signiﬁcance (Table 2). The total additive
genetic variance explained by the 5 cofactors was 23%.
The 2-QTL model was not ﬁtted for mastitis because
there was no indication of 2 separate QTL positions in
any of the families.
On chromosome 18, 3 families had signiﬁcant F-val-
ues (P chromosomewise between 0.03 and 0.0001) in
the analysis within families. The positions were close
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to marker TGLA227. On chromosome 14, 2 families
had signiﬁcant F-values (P chromosomewise 0.02 and
0.001). The QTL positions were between markers
BMS1747 and RM011 for one family, and between
RM011 and BMS740 for the other. On the other 3 chro-
mosomes (10, 11, 21) that had signiﬁcant QTL at chro-
mosomewise level only, 1 or 2 families were involved.
The allele substitution effects of the identiﬁed QTL
ranged from 0.7 to 1.4 standard deviations of EBV.
On chromosomes 18, 14, and 11, there was some indi-
cation of QTL for both SCS and mastitis. At chromo-
some 18 theQTL for both SCS andmastitis were located
at the same position in the across family analysis at the
distal end of the chromosome close to marker TGLA227
(Figure 1). Five families were involved but only one
family was signiﬁcant for both QTL. The same allele
seems to be associated with unfavorable EBV in both
traits. At chromosome 14, with a genomewise signiﬁ-
cant QTL for mastitis and a chromosomewise signiﬁ-
cant QTL for SCS, the QTL locations were at different
ends of the chromosome in the across family analysis
(Figure 2). Only one family showed some evidence for
both QTL, but the areas were not overlapping. At chro-
mosome 11, with a genomewise signiﬁcant QTL for SCS
and a chromosomewise signiﬁcant QTL for mastitis,
the positions were quite different in the across family
analysis. On this chromosome, the individual families
showed different positions within the traits as well as
between the traits (Figure 3). There were 4 signiﬁcant
families; both QTL could be detected in one family.
Other Veterinary Treatments
When chromosomes were analyzed separately for
other veterinary treatments, chromosomes 2, 14, 16,
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Table 2. Locations and signiﬁcance levels of mastitis QTL found with a granddaughter design in Finnish
Ayrshire cattle.
Single chromosome analysis Cofactor analysis
BTA1 F2 pos3 P4 P adj.5 F pos P P adj.
18 2.38 120 0.02 0.44 3.49 111 <0.01 0.02
10 2.30 1 0.02 0.51
11 2.92 1 <0.01 0.06
14 3.03 25 <0.01 0.04
21 2.54 23 0.01 0.21
1Bos taurus chromosome.
2F-value.
3QTL position cM.
4P-value at chromosomewise signiﬁcance level.
5P-value at genomewise signiﬁcance level.
and 22 showed QTL areas at chromosomewise signiﬁ-
cance, and a QTL on chromosome 23 approached ge-
nomewise signiﬁcance. When cofactors were used in the
analysis, 7 QTL exceeding the genomewise 1% thresh-
old were indicated (Table 3), while the QTL on chromo-
somes 14 and 16 were not supported. The total additive
genetic variance explained by the joint 7 cofactors was
38%. The further analysis did not show evidence for 2
QTL on any of the analyzed linkage groups.
The analysis within families showed that the QTL
from the across-family analysis were segregating in 2
to 5 families per chromosome. Chromosomes 2 and 15
had the most signiﬁcant within family F-values. For
chromosome 2 the location was close to URB42 in one
family. In the other 3 families showing QTL on that
chromosome, the location of the highest test statistic
was in the distal area of the chromosome. On chromo-
Figure 1. Proﬁles of test statistics for chromosome 18 from analy-
sis within families. Quantitative trait loci for somatic cell score (SCS)
were detected in families 1(◆), 8 (▲), and 10 (). Quantitative trait
loci for mastitis were detected in families 4 (), 5 (), and 10 (). The
value of the F-statistic exceeded the 5% chromosomewise signiﬁcance
threshold (—) in all families.
Journal of Dairy Science Vol. 87, No. 2, 2004
some 15, the family with the most signiﬁcant F-value
indicated the QTL location to be between markers
NCAM and BR3510, while the location supported by
the other 2 families was between markers BR3510 and
MGTG13B. On chromosome 23 the QTL location was
at BOLA-DRBP1 for one family, whereas the best posi-
tion in the other family was at BM1258. The effects of
the QTL ranged from 0.6 to 1.4 standard deviations
of EBV.
DISCUSSION
A whole-genome scan was carried out to map health
trait QTL in Finnish Ayrshire cattle. When chromo-
somes were analyzed separately, 6 chromosomewise
signiﬁcant QTL for SCS and 1 for mastitis were de-
tected. When the power of the analysis was increased
Figure 2. Proﬁles of test statistics for chromosome 14 from analy-
sis within families. Quantitative trait loci for somatic cell score (SCS)
were detected in families 2 (◆), and 7 (▲). Quantitative trait loci for
mastitis were detected in families 7 () and 12 (). The value of the
F-statistic exceeded the 5% chromosomewise signiﬁcance threshold
(—) in all families.
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Figure 3. Proﬁles of test statistics for chromosome 11 from analy-
sis within families. Quantitative trait loci for somatic cell score (SCS)
were detected in families 3 (◆) and 12 (). Quantitative trait loci for
mastitis were detected in families 5 () and 12 (). The value of the
F-statistic exceeded the 5% chromosomewise signiﬁcance threshold
(—) in all families.
by ﬁtting possible QTL positions as cofactors, a total of
17 genomewise signiﬁcant QTL for udder health traits
were detected. For other veterinary treatments, which
include all other treatments for diseases than udder or
fertility, 4 QTL were found at chromosomewise signiﬁ-
cance and one at chromosome 23 close to genomewise
signiﬁcance, when chromosomes were analyzed sepa-
rately. Adding cofactors revealed 7 genomewise signiﬁ-
cant QTL for this complex trait. Two of the ﬁve QTL
found without cofactors were not detected when cofac-
tors were used. This could be due to false positives in
the analysis without cofactors. For a chromosomewise
level of 5% signiﬁcance 1.5 false positives would be
expected. The QTL on chromosome 23 has already been
Table 3. Locations and signiﬁcance levels of QTL for other veterinary treatments found with granddaughter
design in Finnish Ayrshire cattle.
Single chromosome analysis Cofactor analysis
BTA1 F2 pos3 P4 P adj.5 F pos P P adj.
2 2.44 51 0.04 0.65 4.82 28 <0.01 <0.01
14 2.72 51 0.01 0.21
16 2.48 67 0.01 0.25
22 2.50 5 0.01 0.30 4.18 1 <0.01 <0.01
23 3.13 38 <0.01 0.05 4.46 22 <0.01 <0.01
1 4.52 22 <0.01 <0.01
5 3.80 76 <0.01 0.01
8 3.60 121 <0.01 <0.01
15 3.96 101 <0.01 0.01
1Bos taurus chromosome.
2F-value.
3QTL position cM.
4P-value at chromosomewise signiﬁcance level.
5P-value at genomewise signiﬁcance level.
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detected in the same population in an earlier study (Elo
et al., 1999).
Only few families contributed to the results for differ-
ent chromosomes. In some families many QTL were
detected and in some only few if any. This could be due
to the family history or the cofactor method where the
power is increased for detection of a second QTL when
one has already been detected. The family size did not
seem to affect the number of QTL detected.
On chromosome 18, genomewise signiﬁcant QTL for
both SCS andmastitis were located at the same position
at the distal end of the chromosome. There were 5 fami-
lies involved and in one of these both QTL were de-
tected. In 4 families the sameallele atmarkerTGLA227
was associated with unfavorable values of SCS and/
or mastitis. Three of these families share a common
ancestor. Further studies will be carried out to test the
association at the population level. At chromosome 11,
there was some indication of 2 separate QTL positions,
one for SCS and one for mastitis. A multitrait analysis
of the data may give more information to this question.
Moderate genetic correlations have been reported for
SCS and mastitis in the Finnish Ayrshire (Po¨so¨ and
Ma¨ntysaari, 1996). The correlations varied from 0.37
for ﬁrst lactation to 0.68 for third lactation.
Some other studies havemappedQTL for SCS,masti-
tis, or both (Table 4). In most of them the mapping
population has consisted of Holstein bulls in a grand-
daughter design. Most of the reported QTL are only
nominally signiﬁcant. On chromosomes 3 and 18 the
QTL affecting SCS and mastitis are located in the same
area, in the distal end of the chromosome. On chromo-
some 23, all reported QTL are located at the proximal
end. The QTL areas indicated on chromosomes 1, 14,
21 and 27 differ considerably between studies.
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Table 4. Results from studies on quantitative trait loci detection for SCS and mastitis.
Somatic cell score Mastitis
Chromosome Authors1 Markers Authors1 Markers
1 8 TGLA57
6 MAF46
3 8 HUJ1177 4 BR4502
7 BMC5227
14 8 BM4513 8 BMS1747-BMS740
9 ILSTS11-BM302 4 BM6425
1 BM302
18 8 TGLA227 8 TGLA227
5 TGLA227
1 BM2078
7 BM7109-ILSTS002
21 8 INRA103-TGLA122 8 RM151-INRA103
2 TGLA122
3 ETH131
23 8 CSSM005-RM033
2 RM033
6 RM033
1 513, BM1258
3 MGTG7
27 8 BMS641 4 BM1857, INRA27
5 BM3507-TGLA179
11 = Ashwell et al. 1997, 2 = Boichard et al. 2003, 3 = Heyen et al. 1999, 4 = Klungland et al. 2001, 5 =
Ku¨hn et al. 2003, 6 = Reinsch et al. 1998, 7 = Schrooten et al. 2000, 8 = present study, 9 = Zhang et al.
2000.
Udder health disorders and milk yield are often re-
ported to be unfavorably correlated genetically (Eman-
uelson, 1988; Po¨so¨ and Ma¨ntysaari, 1996). Dairy cows
with high milk production are more likely to get masti-
tis than cows with moderate or low production. In order
to stop the decline in udder health due to selection for
milk yield, SCS has been included in the breeding goal
in many countries. In an earlier study of the same popu-
lation (Viitala et al., 2003), some milk yield QTL were
detected on chromosomes where SCS QTL now were
indicated. However, the positions for the milk QTL and
SCS QTL are different and the QTL are segregating in
different families. The unfavorable correlation could be
explained by the fact that not all QTL for either trait
were detected. It seems that the QTL areas for milk
yield and udder health found in this study are not over-
lapping and they could be exploited independently in
marker-assisted selection (MAS) programs.
The trait called other veterinary treatments in this
study is a complex trait that includes treatment records
for many diseases. From the present data it is not possi-
ble to know with which of the diseases a certain QTL
is associatedwithin a family. Becausemilk fever (9.8%),
ketosis (3.5%), and retained placenta (2.4%) were the
most common disorders registered in this group of the
health-recording scheme, it is probable that the QTL
detected are affecting these traits. In comparison, inci-
dence of mastitis was 27.9% and fertility treatments
21.2% of all veterinary treatments (Rautala, 2001). Fur-
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ther studies are needed in order to use this QTL infor-
mation in breeding for disease resistance. The treat-
ment records of the families may allow distinguishing
which particular disease is affected by the QTL.
CONCLUSIONS
Several QTL for health traits were identiﬁed in the
study. Given the low heritabilities and difﬁculties in
measurement of most of these traits, use of QTL infor-
mation in breeding strategies like MAS would poten-
tially be advantageous and speed up genetic improve-
ment of these economically important health traits. In
addition to economic advantages, animal welfare would
be improved with these new tools in selecting for better
health of dairy cattle also. Since the grandsires used
in this study were born in the early seventies and eight-
ies, the segregation of the QTL alleles in these families
cannot directly be utilized for breeding purposes. Addi-
tional studies with more families and ﬁne mapping of
interesting QTL areas are needed.
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